ABSTRACT Background: Zinc is involved in many essential cellular functions, including DNA repair and immune system maintenance. Although experimental evidence supports a role for zinc in prostate carcinogenesis, epidemiologic data are inconsistent; no data on cancerspecific survival have been reported. Objective: Our objective was to determine whether dietary zinc assessed near the time of prostate cancer diagnosis is associated with improved disease-specific survival.
INTRODUCTION
Prostate cancer is the most commonly diagnosed cancer among men in many industrialized nations and is a leading cause of cancer death. Because the incidence of prostate cancer is greatly influenced by the diagnostic intensity in the population, comparison of trends in prostate cancer mortality may provide greater clues about the etiology of clinically relevant disease. The '12-fold difference in international prostate cancer mortality rates between low-risk countries in Asia and high-risk countries such as Sweden (1) suggests that environmental components, such as diet, may account for some of the observed variation (2, 3) . The identification of chemopreventive factors for prostate cancer death could make marked improvements in the health of men. However, current evidence regarding the association between specific dietary factors and prostate cancer-specific survival is lacking (4, 5) .
Zinc is an essential element with antioxidant properties that is involved in a range of cellular functions, including DNA repair and apoptosis. Zinc helps in the maintenance of the immune system (6) , and at moderate concentrations may reduce inflammation and oxidative stress (7) (8) (9) (10) (11) (12) . The concentration of zinc in prostate tissue is higher than that in any other tissue in the body; however, the influence of dietary zinc intake on these concentrations is unknown (13, 14) . Zinc concentrations in prostate tumors appear to be lower than those in adjacent normal tissue, because malignant cells lose the ability to accumulate zinc (14, 15) . Greater local zinc depletion in prostate tumors has been associated with a higher Gleason score (16) . An inverse association between zinc intake and prostate cancer has long been suspected, and physiologic and experimental evidence supports the hypothesis (17) , although the results of epidemiologic studies have been mixed (13, (18) (19) (20) .
For men, the US and Nordic Nutrition recommendations are 11 and 9 mg/d, respectively (21, 22) . Some zinc supplements have amounts that are magnitudes higher than those that can be achieved through diet alone. There may be a limit to the benefits of zinc, because daily long-term intakes .150 mg have been associated with adverse health effects, including reduced immune function (23) .
We examined the association between zinc and all-cause and cancer-specific mortality in a study of Swedish men with prostate cancer followed for an average of 7.6 y. The original case-control study from which our study population is drawn found no association between dietary zinc and incidence of total or advanced The study population consists of prostate cancer patients recruited as part of a population-based case-control study in Ö rebro County, Sweden (24, 26, 27) . Eligible cases were men with newly diagnosed prostate cancer who were born in Sweden, living in Ö rebro, and aged ,80 y during 2 recruitment periods: January 1989 to September 1991 and May 1992 to July 1994. The final enrollment of 525 cases resulted in an 80.6% case participation rate. Twelve percent of eligible cases refused participation, whereas 7% were either too ill to participate or died before the interview (26) . All cases were confirmed by a study pathologist. Prostate cancer screening did not occur in this population at the time of the study; as a result, most cases were diagnosed due to prostate-related symptoms.
Tumors were graded by using the TNM classification system and were defined as localized if confined to the prostate (T1-T2/ M0) and as advanced (stage T3-T4/M0 or T1-T4/M1) if tumors progressed through the capsule or metastasized. Information on primary prostate cancer treatment was obtained through a review of medical records. Skeletal scintigraphy and radiography were used to assess the presence of skeletal metastases (26) . The study was approved by the ethical review board of Uppsala University, Sweden (28) .
Exposure assessment
Dietary information was collected through self-administered food-frequency questionnaires distributed to participants before they received a final diagnosis of prostate cancer. Most men completed the questionnaires just before or within 3 mo of diagnosis. In-person interviews were conducted in subjects recruited between January 1989 and September 1991 to assess nondietary factors such as family history of cancer and smoking and to make anthropomorphic measurements. Questionnaire data for cases diagnosed during the second study period (May 1992 to July 1994) were obtained through self-administered questionnaires received by mail and completed by phone if needed. Body mass index (BMI) was calculated by using clinical measurements.
The food-frequency questionnaire included 68 food items common to the Swedish diet. Frequencies of consumption were multiplied by standard portion sizes based on the 1988 Swedish National Food Administration handbook and on the nutrient composition of foods specific to Sweden to determine daily energy and nutrient intakes (29) . Through this method, the nutrient content of individual food sources was also calculated, including zinc and iron. In the original case-control study, the questionnaire was validated in 87 control subjects who completed four 1-wk dietary records 3-4 mo apart. Pearson's correlation coefficients between energy-adjusted nutrients assessed from the questionnaires and dietary records ranged from 0.2 to 0.6, including 0.5 for energy intake; correlations for zinc and iron were not reported (26) .
Outcome ascertainment
All Swedish residents are assigned a national registration number-a unique identifier that permits linkage across nationwide health registries. Deaths were identified through linkage to the Swedish Cause of Death Registry-a nationwide register with .99% coverage and a reported high reliability for prostate cancer death (28, 30) . A committee of study urologists (OA, S-OA, and J-EJ) confirmed the cause of death through a review of medical records.
Statistical analysis
Cases were followed from diagnosis until the date of death from prostate cancer or censored at the date of death from other causes or the end of follow-up (1 February 2009). Dietary intakes of log 10 -transformed zinc were adjusted for nonalcohol energy intake by using the residual method, regressing total caloric intake against zinc intake (31) . Energy-adjusted zinc values were then categorized into quartiles based on the distribution in the study population.
Survival analyses were conducted by using Cox proportional hazards regression to estimate multivariate hazard ratios (HRs) and 95% CIs on associations of time to death from prostate cancer associated with dietary zinc intake, with a comparison of each of the top 3 quartiles with the lowest quartile. To assess potential competing risks from other causes of death, secondary analyses estimated HRs for time to death from other causes as well as total mortality associated with zinc intake. Multivariate models were adjusted for total energy intake, age at diagnosis (41-64, 65-69, 70-74, or 75-79 y), family history of prostate cancer (yes or no), primary treatment (hormones, prostatectomy, other treatment, or watchful waiting), smoking status (never, former, or current), calendar year of diagnosis (1989-1991 or 1992-1994) , tumor differentiation (well, moderately, or poorly differentiated), and World Health Organization categories of BMI (in kg/m 2 ) (32), with underweight and normal-weight participants combined in the reference category. Four participants missing information on height and BMI were assigned the median values. Tests for linear trend across categories were conducted by modeling the median value of each nutrient quartile as a continuous variable in a multivariate model. A P value ,0.05 from the Wald test indicated statistical significance. In addition to a main-effects analysis, the models were stratified by localized or advanced stage at diagnosis to examine whether associations between zinc and prostate cancer mortality differed according to clinical stage. We also conducted a sensitivity analysis to reassess the associations between zinc and prostate cancer survival, excluding deaths that occurred during the first 2 y of follow-up.
The proportional hazards assumption was tested by creating an interaction term between zinc intake (median of each quartile) and follow-up time (continuous) and adding it to the multivariable model of the main effect of zinc. The interaction term was not statistically significant; thus, we concluded that the proportional hazards assumption was met.
We examined a potential nonlinear relation between zinc and prostate cancer survival by fitting a restricted cubic spline with 3 knots to a Cox proportional hazards regression model using a continuous variable for energy-adjusted zinc and adjusting for all other covariates. The model was analyzed by using the macro designed by Govindarajulu et al (33) , reporting the P value from the likelihood ratio test for nonlinearity. All analyses were conducted by using SAS version 9.1 (SAS Institute, Cary, NC).
We explored the contribution of specific zinc sources in our study population by calculating the zinc content of food groups: grains, meat (beef and pork, excluding poultry), fish, and dairy products. Those food groups contributing 20% of total zinc intake were added to a multivariate Cox model including zinc to determine whether the effects of zinc on prostate cancer survival were independent of specific food sources. Because the study population consumes large amounts of meat, an important contributor of dietary zinc, we explored potential main effects of meat intake (beef and pork, excluding poultry) separately in multivariate Cox models adjusted for other covariates, excluding zinc from the models. Furthermore, because interactions between iron and zinc have been observed in humans (34) , and many dietary sources of zinc also contain iron, we investigated the main effect of dietary iron intake on prostate cancer-specific mortality and modeled the association of dietary zinc and prostate cancer death with additional adjustment for iron and meat intake.
RESULTS
During up to 20 y of follow-up (median: 6.4 y; range: 0.1-20 y), 218 (42%) men had died of prostate cancer and 257 (49%) from other causes. In this cohort, 295 men (56%) were diagnosed at an advanced stage. Selected characteristics of the study population are shown in Table 1 . Men who eventually died of their disease more often received their diagnosis at a later clinical stage and had more poorly differentiated tumors. Men in all 3 outcome groups had similar mean dietary zinc intakes, just .14 mg/d.
Results of the survival analysis are shown in Table 2 . Dietary zinc intake was associated with lower prostate cancer mortality, with a comparison of men in the highest quartile (.15.6 mg/d) with those in the lowest quartile of zinc intake (HR: 0.64; 95% CI: 0.44, 0.94; P for trend = 0.05). Zinc intake did not appear to significantly reduce the risk of death from other causes (HR: 0.92; 95% CI: 0.64, 1.33; P for trend = 0.66), although there was a 22% nonsignificant reduction in risk of all-cause mortality. On stratification by stage at diagnosis (Table 3) , the protective association with high zinc intake appeared restricted to men in whom the diagnosis of prostate cancer was made at an early stage. In men with localized tumors, those in the highest quartile of zinc intake were 76% less likely to die of their disease (95% CI: 0.09, 0.66; P for trend = 0.005) than were men in the lowest quartile. In comparison, the HR was attenuated for those in whom the diagnosis of prostate cancer was made at an advanced stage (HR: 0.71; 95% CI: 0.46, 1.11; P for trend = 0.25). No association was made between dietary zinc and mortality from other causes after stratification by stage. No significant associations were observed between zinc intake and prostate cancerspecific mortality when results were stratified by level of differentiation (good compared with moderate/poor) at diagnosis (data not shown).
A sensitivity analysis among 440 men (169 cancer deaths) was conducted, excluding deaths that occurred during the first 2 y of follow-up, because those individuals likely suffered from the most severe disease and thus may not be representative of all cases. The association between zinc intake and disease-specific mortality was of a similar magnitude, yet slightly more significant in this analysis (HR: 0.59; 95% CI: 0.39, 0.90; P for trend = 0.02). Results stratified by stage (44 localized and 125 advanced) were similar to those of the full analysis.
Among individual foods, grains contributed 36% of total dietary zinc in the study population, with crisp and whole-meal breads alone contributing .20%. Meat (beef and pork, excluding poultry) contributed 32% of total dietary zinc. Dairy products contributed 22% of dietary zinc, with the remainder coming from fish, fruit, vegetables, and other sources. Poultry accounted for ,1% of total dietary zinc, because .25% of the study population reported no poultry intake.
When the models were adjusted for total grains, meat (beef and pork), and dairy products, no appreciable change in the association between the highest quartile of zinc intake and total prostate cancer-specific mortality was observed after adjustment for any of the 3 food groups. A slightly stronger association between zinc and survival was seen among men in whom the diagnosis was made at an early stage after adjustment for meat (HR: 0.22; 95% CI: 0.07, 0.66) and grains (HR: 0.19; 95% CI: 0.07, 0.53), but not after adjustment for dairy products. All associations between zinc and survival remained nonsignificant in men in whom the diagnosis was made at an advanced stage. Meat intake alone (beef and pork), without adjustment for zinc, was not associated with disease-specific mortality overall (HR: 0.94; 95% CI: 0.61, 1.44) or with mortality in men in whom the diagnosis was made at an early or advanced stage. However, the highest quartile of meat intake was associated with an increased risk of death from other causes in men in whom the diagnosis of prostate cancer was made at an advanced stage (HR: 2.29; 95% CI: 1.20, 4.35). The association between meat and other-cause mortality appeared stronger after adjustment for zinc and iron (HR: 2.86; 95% CI: 1.36, 6.03).
Because meat (beef and pork) is also a major source of iron, and high iron concentrations can impede zinc absorption (34), we further adjusted the zinc models for dietary iron (energy-adjusted Spearman r = 0.53). The study population reported high iron intakes (mean: 13 mg/d), which were greater than the US recommended intake of 8 mg/d and the Nordic recommended intake of 9 mg/d for men. The association between zinc and overall prostate cancer-specific mortality remained unchanged after adjustment for dietary iron (Table 2) , whereas the estimate was slightly attenuated in men with localized disease (Table 3 ; HR: 0.30; 95% CI: 0.10, 0.92). Effect estimates remained nonsignificant in men in whom the diagnosis was made at an advanced stage. On its own, dietary iron was not significantly associated with overall prostate cancer-specific mortality in all patients (HR Q4 vs Q1 : 0.85; 95% CI: 0.58, 1.26) or in men with advanced disease. There was a suggested inverse association in men with localized disease (HR Q4 vs Q1 : 0.29; 95% CI: 0.10, 0.84); however, the estimate failed to maintain statistical significance after adjustment for zinc (HR: 0.47; 95% CI: 0.14, 1.58). The cubic spline regression ( Figure 1 ) supports a linear association between zinc intake and prostate cancer-specific mortality (P for nonlinearity = 0.69).
DISCUSSION
The results of this study in Swedish men suggest that high zinc intakes, within the range of intakes obtained through dietary sources, may be associated with lower disease-specific mortality, specifically in men with localized tumors. This finding is noteworthy in that the study population had negligible supplement use and infrequent prostate cancer screening at the time of diagnosis.
Eleven epidemiologic studies to date have looked at the relation between zinc and prostate cancer, assessing both dietary and supplemental intakes of zinc (13, 18-20, 26, 35-40) . Most studies of zinc have focused on cancer incidence, and the results have been largely inconsistent, with little support for the protective association suggested by experimental evidence. Of the studies that assessed dietary zinc, an Italian hospital-based casecontrol study observed a significant risk of total and advanced prostate cancer in the highest quintile of intake (.15.65 mg/d) compared with the lowest quintile (18) . Other studies found no association (26, 36) ; however, high dietary zinc intakes modestly reduced the risk of high-grade disease in the Prostate Cancer Prevention Trial (40) . The original Swedish case-control study from which our study population is drawn found no association between energy-adjusted dietary zinc and the incidence of total or advanced prostate cancer (24) .
Our study did not assess zinc intake at the higher intakes attained through supplementation. Of the studies that assessed supplemental zinc intake, the Health Professionals Follow-Up Study (HPFS) observed a significant association with incidence of advanced prostate cancer only in men consuming .100 mg/d (relative risk: 2.29; 95% CI: 1.06, 4.95) or with 10 y of supplement use (relative risk: 2.37; 95% CI: 1.42, 3.95) (13) . In (20) . Both studies failed to find an association with dietary zinc. A case-control study from Washington state also found a suggested protective association among daily zinc supplement users (odds ratio: 0.55; 95% CI: 0.30, 1.00) (35) . Although the epidemiologic evidence points to a potential adverse association for advanced prostate cancer with high supplemental intakes of zinc, the effect of dietary zinc intake remains unclear.
There are possible explanations for the differences between our study and previous epidemiologic analyses of zinc and prostate cancer. Zinc may play a role in determining outcome after a diagnosis of prostate cancer, but not in the development of disease. Because our study was the first to look at survival, these findings require confirmation in other populations. Second, many studies assess total zinc intake as a combination of both diet and supplements. Individuals who take zinc supplements, under most circumstances, will have much higher zinc intakes than those with exclusive dietary sources. Third, the men in our study population had a wide range of intakes, including higher intakes, with 80% reporting intakes above the US recommended intake of 11 mg/d (41) . It is also possible that the sources of zinc in our study population, primarily grains and red meat, are different from the sources of zinc in other populations. Specific food sources of zinc may be important, because zinc from meat is more readily bioavailable than is zinc from vegetarian sources (6, 42) . Common vegetarian sources of zinc, including legumes and whole grains, also contain phytic acid, which inhibits zinc bioavailability (42) .
Our study suggests that zinc contributes to improved survival only in men with early-stage cancers, which is consistent with earlier reports from this study population that intake of vitamin B-6 was more strongly linked with prostate cancer survival among localized cancers (28) . These findings suggest that the outcome of early-stage prostate cancer may still be amenable to modification by nutritional factors, whereas advanced-stage disease may have progressed beyond the point of nutritional influence.
Our study was the first to take dietary iron into account when evaluating the association between zinc and prostate cancer. We noticed a slight weakening of the associations between zinc and disease-specific survival after adjustment for iron intake. However, we were unable to separate the effects of more easily absorbed heme iron from nonheme iron. Heme iron catalyzes oxidative reactions that can lead to cellular and tissue damage and may contribute to a variety of diseases, including prostate cancer (43) . A recent analysis in the National Institutes of Health-AARP cohort found a positive association between heme iron, but not total dietary iron, and total and advanced prostate cancer (44) . Future studies should investigate the possible interactions of zinc and iron concerning prostate cancer survival and attempt to separate the effects of heme iron from those of total dietary iron.
Our study had several advantages. We had complete follow-up in our study population and were able to assess vital status for each participant with up to 20 y of follow-up. Because our study was conducted before the onset of prostate cancer screening, we had an adequate number of advanced stage tumors, which allowed us sufficient power to stratify our analysis by stage at diagnosis. Furthermore, high average zinc intakes in this population allowed us to explore a range of dietary intakes that has been difficult to attain in other study populations.
We cannot rule out the possibility of inaccurate recall of dietary patterns because of the close proximity in time between completion of the questionnaires and diagnosis of prostate cancer. However, because we only included prostate cancer cases in this analysis, recall bias was not an issue; rather, if there was inaccurate recall of dietary intake, we could expect a similar level of error among all participants. From the results of the sensitivity analysis, it appears unlikely that men with more severe disease recalled diet differently than did men with less severe disease, because the association with zinc remained largely unchanged after the exclusion of men who died within the first 2 y of followup. Other limitations of the study included a single assessment of dietary intake, which may not be representative of long-term dietary habits. However, the men were asked to recall their regular diet of the previous year in an attempt to exclude recent effects of illness. Our study also assessed disease characteristics only at diagnosis; thus, we are unable to assess changes to these factors over time. In addition, the relatively few prostate cancer deaths among localized cases resulted in wide CIs for stratified analyses.
The study population was recruited in Sweden in the late 1980s to early 1990s in a clinical environment that is quite different from current US clinical practice. Curative treatments such as radical prostatectomy and radiation therapy were not widely used in Sweden or other Nordic countries until the 1990s (45, 46) . Reflecting this trend, a high proportion of men of all cancer stages in our study population (66.7%) chose or were recommended for watchful waiting after a prostate cancer diagnosis.
Dietary zinc does not appear to be related to causes of death other than prostate cancer in this population. Because we did not have specific causes of death for those men who did not die of prostate cancer, the analysis of other-cause mortality served to assess the influence of competing risks in the survival analysis. Because no clear associations were observed between zinc and other-cause mortality, we do not believe that competing risks and informative censoring were major concerns in our analysis.
A protective role of zinc against prostate cancer has long been suspected because of support from biological and experimental evidence; however, such a role has not been clearly confirmed in epidemiologic studies. Most of these studies have examined zinc in relation to the risk of developing prostate cancer rather than in relation to endpoints of disease progression or survival. Our findings of an inverse association between dietary zinc and prostate cancer-specific mortality suggest that zinc may play an important role in prostate cancer outcomes, particularly in men with localized disease. Because of the current lack of corroborative evidence, our study results are not sufficient to recommend zinc supplements to men after a prostate cancer diagnosis. However, these findings should encourage future studies of zinc and prostate cancer to include survival endpoints in an attempt to confirm our conclusions.
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